An approach is proposed to shed light on the mechanisms underlying human perception of environmental sound that intrudes in everyday living. Most research on exposure-effect relationships aims at relating overall effects to overall exposure indicators in an epidemiological fashion, without including available knowledge on the possible underlying mechanisms. Here, it is proposed to start from available knowledge on audition and perception to construct a computational framework for the effect of environmental sound on individuals. Obviously, at the individual level additional mechanisms ͑inter-sensory, attentional, cognitive, emotional͒ play a role in the perception of environmental sound. As a first step, current knowledge is made explicit by building a model mimicking some aspects of human auditory perception. This model is grounded in the hypothesis that long-term perception of environmental sound is determined primarily by short notice-events. The applicability of the notice-event model is illustrated by simulating a synthetic population exposed to typical Flemish environmental noise. From these simulation results, it is demonstrated that the notice-event model is able to mimic the differences between the annoyance caused by road traffic noise exposure and railway traffic noise exposure that are also observed empirically in other studies and thus could provide an explanation for these differences.
I. INTRODUCTION
During the last century, substantial research efforts have been spent on relating noise exposure to the discomfort or annoyance caused by it. A large body of knowledge is based on socio-acoustical surveys, in which large groups of persons are questioned about their own home environment. The annoyance effects of noise and potential confounders are mainly expressed on the basis of population averages.
1,2 Researchers have, for example, focused strongly on determining quantitative relationships between community noise annoyance of transportation noise and outdoor energy equivalent sound pressure levels ͓L dn or L den ͑Refs. 3 and 4͔͒. In practice, noise annoyance modifiers have been modeled by adding penalties or bonuses to the equivalent sound pressure levels. 5, 6 It has been suggested that sound events may play an important role in the prevalence of noise annoyance. [7] [8] [9] [10] [11] [12] This can be argued based on the principle that the auditory system, like the other sensory systems, records instant changes in environmental stimuli rather than the average level of a continuous exposure. 10 Various indicators have been used for characterizing noise as a series of sound events, such as the maximum sound pressure level L Amax , the number of ͑heavy͒ vehicle pass-bys, or the number of events for which the sound pressure level exceeds a given threshold. [13] [14] [15] These are alternative exposure models for expressing the relationship with annoyance. 16 Several authors have put forward the assumption that sound has to be noticed in order for it to contribute to an overall impression of annoyance. [17] [18] [19] [20] [21] Noticing depends on the characteristics of the sound ͑the most important being the signal-to-noise ratio͒ and on the observer listening and paying attention to the sound. The indicators do neither include this continuously active attention process nor account for the necessary co-occurrence of the listening process of the continuous sound. In this work we introduce the concept of a notice-event, which is defined as an instance of consciously perceiving the sound under study. We start from the hypothesis that long-term perception of environmental sound ͑and a͒ Author to whom correspondence should be addressed. Electronic mail: bert.decoensel@intec.ugent.be. On leave from Acoustics Group, Department of Information Technology, Ghent University, Belgium.
reported annoyance͒ is built from a series of such noticeevents and their sound characteristics during these noticeevents. To estimate notice-events and thus to unravel part of the underlying mechanisms of human perception of environmental sound, we propose a computational ab initio approach. To illustrate this concept, we will develop a causal simulation model for auditory perception, based on known acoustical, psychoacoustical, and psychological principles, extracted from well-controlled experiments on perception reported in literature.
In Sec. II, we will outline the proposed methodology from a conceptual point of view. In Sec. III, a quantification and implementation of some of the introduced concepts will be discussed. In Sec. IV, we will use the proposed model to explain differences in traffic noise annoyance.
II. METHODOLOGICAL FRAMEWORK

A. Definition of a notice-event
Our key hypothesis states that the perception of environmental sound is primarily determined by consciously noticed sounds. The importance of noticing in the perception of complex sound has already been stressed in earlier work concerning the emergence of noise annoyance. [17] [18] [19] [20] [21] It could be argued that the "non-noticed" background sound could affect mood, stress, and certainly health. However, in light of the application envisaged in this paper such higher-order effects are assumed to be of minor importance and are therefore not considered.
We define a notice-event as an instant of consciously perceiving the sound under study. The occurrence of a notice-event depends, among other things, on the sound level of the sound relative to the background, the current environmental context of the listener and his/her activity ͑which may also produce sound, if, e.g., watching television or cooking͒, as well as on several personal factors which vary with time, such as the degree of focused attention to the sound 22 and the amount of ͑short-term͒ mental habituation 23, 24 that may have occurred. It is important to note that a notice-event can occur whenever any of the above-mentioned parameters changes. For example, a sudden increase in attention may trigger a notice-event, even though the sound level did not increase. Instantaneous attention to environmental sound will be influenced by changes in overall alertness toward ones environment with time ͑e.g., circadian variation 25 ͒ and will depend on the ongoing activity. For example, sleeping lowers the conscious attention to sound, whereas relaxing may result in heightened attention to sound. While performing a task that requires significant mental resources, attention to sound is likely to be low.
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B. Ab initio modeling
In order to estimate the occurrence of notice-events, we propose to use a computational ab initio approach. The increasing availability of computing power has made it possible to simulate complex systems ab initio, starting from basic laws governing the behavior of particular constituents. Mainly because of its predictive capacity and its potential for discovering new phenomena, ab initio modeling has become very popular in natural as well as applied sciences. 26, 27 Next to predicting system behavior, computational ab initio models have great potential in extracting knowledge on the internal mechanisms governing this behavior. For example, the frontiers of computing are now explored to build computational models of psychological processes such as visual perception. 28 By implementing a model in software, one is forced to concretize fuzzy ideas, to quantify model parameters, or even to formulate hypotheses and to add additional submodels. Constructing the model in itself is therefore a fruitful process since it forces the scientist to make explicit the knowledge on the mechanisms governing the behavior of the system. The model is called valid if it is able to recreate, at least in a qualitative way, macroscopic trends and dependencies found in empirical data from the real-life system. The mathematical description of the model then arises gradually by iteration between software implementation, simulation, and comparison with real-life phenomena.
In applying an ab initio approach to the estimation of the occurrence of notice-events, the aim is to build a logical model for an individual person based on known acoustical, psychoacoustical, and psychological principles. A model describing an individual person will have to include the auditory perception of environmental sound in the everyday living environment, together with its underlying mechanisms in a broad sense. Furthermore, an ab initio approach requires a causal model for perception. Inclusion of causality naturally leads to the inclusion of temporal aspects, making perception emerge and transform over time. Explicitly accounting for time also provides opportunities to model the interaction of factors influencing perception and its evaluation over time. Consider, for example ͑short-term͒ habituation to noise, which may suppress the occurrence of notice-events over time. A time-domain model will allow linking this basic understanding of the mechanisms to the gross effect observed in surveys.
An often used paradigm is to model the internal mechanisms governing the behavior of individuals, and then to observe the group behavior resulting from a large number of simulated individuals ͑sometimes referred to as a synthetic population͒, each characterized by its own set of parameters to model interindividual differences. Exposure-effect relationships valid for large groups of persons can also be extracted from averaging over a synthetic population, but in the case of environmental sound perception, the interactions between group members have low influence on the overall behavior. Interindividual interactions are ignored in the simplified model presented in this paper.
III. A MODEL FOR NOTICE-EVENTS
A. General considerations
To substantiate the ideas introduced in Sec. II, an auditory perception model for estimating the occurrence of notice-events is developed mathematically in this section. A time-domain model is envisaged because, as already shown above, temporal effects need special care. Ranges for time constants are derived from the psychoacoustical literature and from a specific noise annoyance field experiment. 29 A slightly different version of the model has earlier been reported elsewhere. [30] [31] [32] [33] In view of the feasibility of the numerical effort, details of the auditory processing of the sound signal are not considered: time-varying descriptors of what is potentially perceived by the auditory system form the input of the model, rather than the raw sound wave. Time sequences of the sound pressure level from typical sources such as cars, trains, birds, etc., are simulated based on the presence of sources in the environment ͑Sec. III E͒. If one is situated in an environment with multiple sound components, the acoustical pattern at the ear will consist of the sum of all concurrent sounds. Nevertheless, the human auditory system is able to separate this mixture of sounds 34 and to form separate descriptions of each sound source. This mechanism is commonly referred to as auditory scene analysis. 35 By simulating auditory streams for each separate environmental sound source, the non-trivial problems of modeling auditory scene analysis and sound source identification 36 are by-passed. The difference between mere detecting and identifying is thereby ignored. In other words, it is assumed that a non-identifiable sound is not noticed. Note that also the effects of tonality-the contribution to source identification is implicit-are neglected since only the sound pressure level is considered.
B. Noticed sound exposure level
The model for auditory perception analyzes the environmental sound and identifies its noticed sound components. The difference in sound pressure level between any particular sound and the "background" noise ͑all other sounds͒ is considered as the key feature; once this difference exceeds a ͑dynamic͒ threshold, a notice-event occurs. The condition used to identify the starting point in time of a notice-event is simplified to
with t the current simulation time, L f the sound pressure level of the sound under study ͑foreground sound͒, L b the background sound pressure level, and T start the noticethreshold ͓sound pressure level in dB͑A͔͒ for the start of a notice-event. The instantaneous notice-threshold can be interpreted as the signal-to-noise ratio that the foreground "signal" sound has to have to be noticed consciously above the background "noise." In a similar way, the point in time at which the modeled individual stops in noticing the foreground sound is determined by
with T stop the notice-threshold for the end of a notice-event.
Together, T start and T stop mark segments ͓t b i , t e i ͔ in time at which the sound under study is noticed.
Inspired by the hypotheses that only consciously noticed sound events contribute to annoyance, and that the contribution of an event to perceived annoyance is proportional to its audibility above the background, 20 we define the noticed sound exposure level by
where N denotes the number of notice-events during the simulated time period, t b i and t e i denote the beginning and end times of these notice-events, and L thr denotes the portion of the sound pressure level during a notice-event that is above the notice-threshold:
The idea of only taking into account the contribution of sounds above a threshold in the calculation of the sound exposure level has in the past been proposed to be a more logical way to assess noise annoyance. 18, 37 Instead of using a fixed threshold, this work considers the threshold to be timevarying and depending on the instantaneous attention to the specific component sound.
C. Attention and gating
The degree of attention to a specific sound source is dependent on a number of factors. As already mentioned, attention will depend on the time of the day and on the current activity. It is safe to assume that T͑t͒ decreases monotonically with increasing attention a͑t͒; hence for simplicity, we approximate it by a linear function
where C n is used as a general constant determining the influence of attention on the notice-threshold.
After a sound is noticed, subsequent peaks in its sound pressure level will not trigger the beginning of a new noticeevent, unless these are sufficiently more noticeable. The psychophysical function closest to explaining this is gating ͑per-ceptual and attentional origin͒. The gating condition holds on slightly longer than the event that was first noticed continues because it is known that non-negligible time constants would be involved in the process. 38, 39 Hence, Eq. ͑5͒ is extended to model gating:
where t e is the end time of the last notice-event ͑+ϱ if t lies within a notice-event͒. H denotes the Heaviside step function. As a result of gating, multiple peaks in sound pressure level occurring shortly after each other are lumped into one notice-event. C g determines the extra sound level, relative to the level of the current sound event, that notice-events need in order to defeat the gating mechanism. The time constant g determines the decrease in noticeability immediately after a notice-event. This mechanism determines whether, for example, individual cars and trucks are noticed, or rather the traffic as a whole.
D. Habituation and attention focusing
Because of ͑short-term͒ mental habituation, 23, 24, 40 the effective duration of noticing a sound can be shorter than what is expected from the raw sound pressure levels. Habituation may also suppress the emergence of new notice-events because the individual has become used to a certain sound exposure. However, it is well-known that habituation is limited. 23, 24 Habituation h͑t͒ is assumed to be proportional to the exponentially averaged sound pressure level, 38, 41 whether the sound is noticed or not,
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Time constants h involved in stimulus specific short-term habituation vary between several seconds to several minutes. 38, 41 Furthermore, it is assumed that the effect of short-term habituation is mediated through reduced attention to intruding sound,
where a act ͑t͒ denotes the ͑potentially time-varying͒ attention to the particular sound associated with the current activity, and where C h determines the strength of the habituation effect. When a modeled individual notices a sound, by definition, his/her attention is drawn to it. Because of this elevated state of attention, events in the immediate future are more likely to be noticed. This effect counteracts habituation but on a shorter time scale ͑a couple of seconds͒. It also reduces the effect of gating but at a different level: attention focusing is part of a cognitive process, whereas gating is sensory in nature. Formally, we may define attention focusing as a priority shift that a notice-event induces in the global attention system, resulting in a temporary increase in attending to sound.
Attention focusing is instantaneous and diminishes over time. When no new notice-events occur, the priorities reorganize and fall back to their equilibrium. Attention focusing can be modeled by a step in the attention that exponentially fades away:
with t b the starting time of the last notice-event and a the time constant involved in attention focusing. Note that the product C n · C a determines the reduction in notice-threshold caused by the attention focusing of the modeled individual. Figure 1 shows an example of a time series of simulated foreground sound pressure level caused by road traffic ͑see Sec. III E͒, together with the notice-events. The simulation starts when the modeled individual is suddenly exposed to road traffic sound, for example, because he or she leaves the home. At that moment, road traffic is noticed, but the modeled individual becomes habituated to the sound ͑indicated by an elevated threshold͒ and it will not be noticed anymore after about a minute. Because of the gating and habituation mechanisms, vehicles passing by during the subsequent minutes will not be noticed until a significantly louder vehicle passes by after approximately 3 min and 20 s.
E. Simulating sound exposure
The first design decision is to choose an appropriate temporal resolution for the simulation based on the expected resolution of notice-events. The time to react to a sound is around 0.2 s for the sound pressure levels considered here 42 ͑well above the hearing threshold͒. However, the psychological presence, that is, the perceived nowness, has been estimated to be 2-3 s. 43, 44 Peaks in the sound pressure level would be smoothened when using such a large temporal resolution. Therefore, 1 s is chosen as the temporal resolution: a safe margin on the perception side and sufficiently small to resolve individual notice-events. The input to the model for auditory perception will be expressed as a time series of L Aeq,1 s values for each of the environmental sounds considered.
Various sound sources can be simulated to reproduce the environmental sound to which a modeled individual is exposed. In light of Sec. IV, in which our model will be used to predict transportation noise annoyance in an at-home context, we will first focus on the noise produced by road traffic and railway traffic. The generation of the fluctuations in sound pressure level caused by transportation could be accomplished by noise mapping software capable of calculating time-varying noise immission. 45, 46 Generally, this entails simulating road traffic and railway traffic noise in the large neighborhood of the modeled individual, calculating the time-varying noise emission associated with all vehicle sources and finally calculating the resulting noise immission at the location of the modeled individual by the use of a sound propagation model. However, this approach is computationally very intensive and thus only feasible for small areas.
For the example given in this paper, it is assumed that the road traffic noise exposure of a modeled individual is mainly determined by the main road closest to its location. This road is modeled as two single lane vehicle streams, one of passenger vehicles and one of heavy vehicles. In its current form, the model does not include binaural effects and thus the exact location and driving direction of vehicles would be irrelevant. The calculation of attenuation is simplified by assuming a free field and by ignoring the presence of screening obstacles and meteorological effects.
For the example given in this paper, we also simplify traffic statistics. The duration between road vehicle passages is primarily determined by individual driver characteristics. In considering a stream of vehicles as a whole, the time between two consecutive vehicle passages can be modeled in first order approximation by an exponential distribution. This implies that the occurrence of a vehicle passage during a sufficiently small time interval can be modeled by a Poisson process:
12,47 the probability of a vehicle passage only depends on the traffic intensity and is independent of earlier passages. Furthermore, vehicle speed is found to adhere to a normal distribution. 48 These approximations will fail when the road is close to saturation ͑e.g., during rush hour͒. However, at that point the sound pressure level produced by the road is more invariant and notice-events will be determined mainly by other changes ͑e.g., a change in activity͒.
Road vehicles are modeled by an omnidirectional point source. The A-weighted squared sound pressure at the location of the modeled individual ͑before insulation of the building is accounted for͒, produced by a single vehicle, is approximated by
where c denotes the characteristic impedance of air, W denotes the A-weighted sound power of the vehicle, t p denotes the time of occurrence of the vehicle passage, and v denotes the vehicle traveling speed on a straight road at perpendicular distance d road to the modeled individual. A vehicle stream is characterized by the traffic intensity and the mean and variance of the vehicle speed. Using this technique to predict the noise exposure allows us to include easily some variability of the speed of the vehicles within a stream ͑and consequently their noise-source power͒ when modeling the observed distribution of emissions and speeds in real life.
Finally, the noise produced on the nearest main road by both passenger vehicle and heavy vehicle streams is added together to obtain the total instantaneous sound exposure produced by road traffic noise. Similar to the case of road traffic noise, it is assumed that the railway noise exposure of a modeled individual is mainly determined by the railway closest to its location. This railway noise is modeled as two train streams, one of person trains and one of freight trains. Although railway traffic is much more deterministic than road traffic, the same approach for pass-bys is followed: arrival times are assumed to adhere to a Poisson distribution. The difference is that trains are modeled as moving line sources rather than as moving point sources. The A-weighted squared sound pressure at the location of the modeled perceiving individual ͑before insulation of the building is accounted for͒, produced by a single train, is approximated by
where l denotes the length of the train and M denotes the number of point sources used to represent the sound from the line source; typically M is around 20.
Next to the noise caused by transportation, the sound to which the modeled individual is exposed in its dwelling may consist of, among other things, the sound generated by the individual itself and possibly by other individuals, various mechanical and electrical sounds, and sounds from nature ͑wind, birds, etc.͒. It is not feasible to model accurately all these sources of sound. However, because we are only interested in the temporal envelope of the sound produced by the above-mentioned sources, we can take advantage of known statistical properties of the temporal envelope of ambient sounds.
The spectral density of the temporal envelope of various types of music and speech has often been found to show a remarkably good resemblance to 1 / f noise 49 on time scales spanning minutes to hours. Furthermore, this 1 / f temporal behavior has been revealed in a broad range of environmental sounds, both in rural and urban contexts. This behavior can be linked to self-organization of the underlying complex systems of noise sources. 50, 51 Based on these findings, we decided to model the temporal envelope of the sound pressure level caused by all sources other than transportation as 1 / f noise. It could be argued that the sound produced by the modeled individual itself should be simulated separately because the modeled individual is the producer and has some form of control and because this sound is correlated with attention through activity. However, because the model presented here does not at present include behavioral feedback mechanisms, such as active coping, a separation would have little influence on the outcome.
IV. SIMULATION RESULTS
A. Sensitivity analysis
The model for auditory perception presented in Sec. III contains a number of parameters. Although important knowledge is available from well-controlled perception experiments, exact values for all parameters are not readily available in the literature, especially not if the extent of interindividual differences are to be fully considered; some parameters are hard or impossible to measure. As mentioned in Sec. II B, one solution is to consider a synthetic population consisting of a large number of individuals and to draw samples from appropriate distributions for each parameter instead of assigning fixed values. Ideally, the synthetic population will exhibit the same statistics on the observed variables as would be found in observations of the real population. As a first numerical illustration, we will investigate the sensitivity of the auditory perception model to each of its parameters using this sampling-based technique. The intention is to find those model parameters which distributions are most responsible for the variation in model output.
Let us consider a synthetic population of 10 4 individuals with model parameters that are randomly sampled from the intervals shown in Table I . Because of lack of data, a uniform distribution over individuals is assumed for all parameters. Intervals were chosen wide enough to encompass the ranges found in the literature cited in Sec. III. The following fixed contextual parameters are considered: each individual is located inside its dwelling, which has an insulation of 20 dB͑A͒; the average ambient sound pressure level ͑including the noise produced by the individual itself͒ is 40 dB͑A͒; a road is located outside the dwelling at a distance of 20 m, carrying a flow of 600 vehicles/h with 20% of heavy vehicles, and with an average vehicle speed of 70Ϯ 3 km/ h. During daytime, these values are typical for home environments in Flanders, the northern part of Belgium ͑see also Sec. IV B͒.
For each modeled individual, time series of L Aeq,1 s inside the dwelling caused by road traffic and other ambient noise sources were simulated for a duration of 1 h, using the model described in Sec. III E. To estimate the A-weighted sound power of the road vehicles as a function of vehicle type and speed, the Harmonoise model 52 was used with reference conditions for road surface. Subsequently, a series of notice-events was calculated for each modeled individual, considering the road traffic noise as the foreground sound and the 1 / f ambient noise as the background sound. Figure 2 shows the noticed sound exposure level SEL thr ͓Eq. ͑3͔͒ by the simulated individuals of the synthetic population as a function of each model parameter ͑averaged within ten sub-intervals͒. It can be seen that the base noticethreshold T base and the habituation strength C h have the largest influence on SEL thr . As would be expected, less vehicle passages will be noticed if the base notice-threshold is high, if the habituation time constant is low, or if the influence of habituation is high. As a consequence, changes in sampling distribution for these parameters will have the largest influence on aggregated results. Gating and focusing seem to have little influence if results are averaged over all other model parameters. However, the model contains several interactions between parameters, e.g., results are more sensitive to a act if C n is high ͓this can be seen from Eqs. ͑5͒, ͑8͒, and ͑9͔͒ and to g if C g is high ͓Eq. ͑6͔͒. As a consequence, changes in the sampling distribution for these parameters also could have some influence, although this influence will be smaller than comparable changes in the sampling distribution for T base or C h . The relationships shown in Fig. 2 still hold qualitatively if traffic flow, speed, and distance to the closest main road are varied within realistic bounds.
B. Representative context
As a second numerical illustration of the model presented and discussed in Sec. III, we consider a representative sample of the population in Flanders. In order to achieve a set of contexts, representative for home environments in Flanders, a synthetic population was constructed to resemble the population living at 7500 sampled locations. The dwellings were located geographically using their addresses, and these were linked to Geographic Information System ͑GIS͒ data ͑road segments and traffic data͒. Subsequently, the perpendicular distance to the nearest main road was calculated for each dwelling, as was the average hourly intensity and speed ͑average value and standard deviation͒ of cars and heavy vehicles during daytime, evening, and nighttime. The simulation parameters of the railway closest to the dwelling were determined by the same algorithm as for the road.
Time series of L Aeq,1 s levels inside the dwelling caused by road traffic, railway traffic, and other ambient noise sources were simulated for a duration of 24 h. For road traffic, again the Harmonoise model 52 was used. To estimate the A-weighted sound power of the trains as a function of train type and speed, the BeGIS model 53 was used. This model combines measurements of the local rolling stock with trends from the Dutch standard method. Because of lack of empirical data, the average ambient sound pressure level and the building insulation were each randomized among individuals. The distribution of physical noise insulation of building façades behind which people reside most of the day ranged from 0 ͑e.g., individual in garden͒ to 30 dB͑A͒ during daytime and evening and from 10 to 30 dB͑A͒ during nighttime. The average ambient sound pressure level, including the noise produced by the modeled individual's activities, ranged from 25 to 55 dB͑A͒ during daytime and evening and from Table I . Two series of notice-events were calculated for each modeled individual:
͑1͒ considering the major road traffic noise as the foreground sound, and the combination of railway traffic noise and 1 / f ambient noise as the background sound and ͑2͒ considering the railway traffic noise as the foreground sound, and the combination of major road traffic noise and 1 / f ambient noise as the background sound. Figure 3 shows the noticed sound exposure level by the simulated individuals of the synthetic population, as a function of façade L den , for road and railway traffic. Above an L den of 45 dB͑A͒, a distinct difference of SEL thr is evident between road and railway traffic noise at the same average sound pressure level. This difference resembles remarkably differences reported in annoyance between road and railway traffic noise, as observed in several field studies of the past. 4, 54, 55 These annoyance differences have led to less restrictive regulation for railway noise ͑railway bonus͒ relative to noise from road traffic ͑see, e.g., the German, French, or Austrian legislation͒. Several explanations for a railway bonus have been proposed. 4, 29 How can the difference in annoyance for road and railway traffic be explained in light of the model of Sec. III? Consider the sound event caused by a train passage. This event will be noticed if its sound pressure level is sufficiently high at the same time as the levels of the background noise and the notice-threshold are sufficiently low ͓Eq. ͑1͔͒. With a fluctuating sound pressure level of the background and of the notice-threshold, the duration of the event plays a role. If the sound pressure level of the train event is not too high, by chance the sound pressure level of the background and of the notice-threshold have to be low during the train passage. Otherwise the train event will not be noticed. Therefore, the chance to notice major road traffic of invariant sound pressure level will be higher ͑although lower than for the maximum sound pressure level of the train passage at the same L Aeq ͒.
If train noise is considered on its own, it is expected that habituation will gradually decrease the probability of noticing, whereas attention may increase this probability. If the noise from the major road is added to this scenario, it will act as an additional background noise to the noticed train passages, in particular, if sound pressure levels are sufficiently low. The reduced signal-to-noise ratio will decrease the overall probability of noticing. However, this mechanism is not reciprocal: train noise events, because of their relatively lower rate of occurrence, are expected to influence less the noticing of the noise from the major road. Also, because road traffic noise has a more continuous character, habituation will influence largely the notice-threshold for road traffic noise. A railway track at a large distance will, for the same average sound pressure level, produce lower maximum levels because of the spread over time of the sound pressure level envelope of the passages. As a consequence, the energetic masking accomplished by road traffic noise and other ambient noise sources is expected to be larger. This would explain the lower probability of noticing a train passage at a large distance, as compared to a train passage at a close distance. Similar to this observation, it has previously been shown that annoyance to railway traffic noise depends significantly on the distance to the track. 29, 56, 57 
V. CONCLUSIONS AND PERSPECTIVES
A theoretical modeling approach to the perception of environmental sound in the home environment has been presented. Our proposal was to model, in a bottom-up fashion, the perception of an individual a priori from known acoustical, psychoacoustical, and psychological knowledge. Ideally, this approach will take into account personal and contextual variables in clarifying the human perception of environmental sound. To outline the idea, a computational model for auditory perception was constructed, by which psychoacoustical processes such as gating, habituation, and attention focusing were implemented.
The presented model contained a number of parameters, but because results are to be considered only at an aggregated level, no fixed values need to be assigned to these parameters. Instead, values can be sampled from appropriate distributions, with wide enough intervals to encompass the ranges found in literature. As a consequence, part of the variability in model output results from the variability introduced through sampling model parameters. A sensitivity analysis showed that the base notice-threshold and the habituation strength have the largest influence on the variability of the model output, provided results are averaged over all other model parameters. These parameters could constitute a means for including the effects of, e.g., the current activity or sensitivity to noise, but more research will be needed to establish the appropriate relationships.
As an illustration of the model, simulation results were presented based on a representative sample of the population in Flanders. The noticed sound exposure level was defined to measure the fraction of the sound exposure that is consciously noticed. If one accepts that noticing an environmental sound is a prerequisite for becoming annoyed ͑defined here as self-reported annoyance in surveys͒, the proposed notice-event model allows us to explain two features observed in the literature of the exposure-effect relationships for self-reported noise annoyance and L den .
First, in the living environment, railway traffic noise is found to be less annoying than road traffic noise at the same average sound pressure level. 4, 54, 55 The proposed model suggests that this difference is based on physical properties and basic psychophysical processes of the human auditory system. Differences in cognitive processing and emotions were not included in the model and thus seem of less importance for explaining the effect-as has sometimes been suggested. Accordingly, the difference between railway traffic and road traffic noise annoyance is mainly caused by the temporal structure of the exposure, by noticing, and by associated attention and habituation processes. Second, in many studies, increases in annoyance were observed to be caused by railway noise at shorter distance to the track although the L den was the same, though this effect is not documented as consistently in the literature as the railway bonus. Indeed, for the exposure situation in Flanders, the notice-event model shows a higher noticed sound exposure level at shorter distances. An important factor in our notice-event model is the background noise, e.g., road traffic noise and noise from own activities in the home, which decides how much the noise maximum of the train passage emerges above it. Trains at shorter distance produce higher peak levels which emerge more easily above this background, even at low average levels.
Many authors have pointed out the importance of personal factors, including personality traits and states, in the assessment of environmental sound.
1, 5, 6, 58, 59 Our approach treats each individual as being unique and tries to model contextual and personal factors on an individual basis. Therefore, future developments of the proposed model should include the implementation of emotional and cognitive submodels, which should allow for further effects on annoyance as regards personal preference, the built environment, living circumstances, and the socio-cultural context. 
